In this research, thermodynamic and absorption rate of carbon dioxide in monoethanolamine (MEA) solution was investigated. A correlation based on both liquid and a gas phase variable for carbon dioxide absorption rate was presented using the π-Buckingham theorem. The correlation was constructed based on dimensionless numbers, including carbon dioxide loading, carbon dioxide partial pressure, fi lm parameter and the ratio of liquid phase fi lm thickness and gas phase fi lm thickness. The fi lm parameter is used to apply the effect of chemical reactions on absorption rate. A thermodynamic model based on the extended-UNIQUAC equations for the activity coeffi cients coupled with the Virial equation of state for representing the non-ideality of the vapor phase was used to predict the CO 2 solubility in the CO 2 -MEA-H 2 O system. The average absolute error of the results for the correlation was 6.4%, which indicates the accuracy of the proposed correlation.
INTRODUCTION
In the past few years, the huge emission of greenhouse gases caused by human has become one of the most discussed environmental issues around the world. CO 2 is the main greenhouse gas and its reduction is essential in terms of environmental, energy and economics. This duty is an interesting research on CO 2 reduction where novel energy-effi cient processes are essential. Reactive absorption of CO 2 with amine solutions is appropriate technology from technical, economic and environmental points of view 1, 2, 3 . A wide variety of amines has been used industrially for a number of years 2, 4-6 . Chemical absorption of CO 2 with amines as a solvent has been used in a large variety of industries over the years 7 . Natural gas sweetening and production of methanol and ammonia are among the biggest industries that are utilizing chemical absorption of CO 2 with amine solutions 8, 9, 10 . In addition, the use of the alkanolamines process for CO 2 absorption from the exhaust gas of cement factories and power plants has received extensive interest recently because of the need for mitigation of greenhouse gas emissions
11, 12
. The absorption of CO 2 into reactive solvents is one of the most promising technologies for CO 2 capturing 13 . Amine aqueous solutions have been used wide-spreading for the removal of CO 2 from natural gas and fl ue gas via reactive absorption 2 . Among the industrially utilized alkanolamines, MEA is the most widely used absorbent for CO 2 absorption because of its properties to CO 2 capture such as a high absorption capacity, fast reaction kinetics, and high solubility 14, 15 . Due to its high reactivity with CO 2 , MEA is the main solvent for CO 2 capture in post-combustion processes. MEA as a primary amine has an ability to remove a high amount of CO 2 , even at the low CO 2 concentrations 16 . It can effectively remove a high amount of gas removal due to a high reaction rate. If the process is extended, an economic and environmental global impact will occur. In the recent decades, several works have been carried out to investigate the kinetics and reaction mechanism of CO 2 absorption into MEA solution 17-20 . Nevertheless, there is still a controversy regarding the thermodynamics and mass transfer of CO 2 in MEA solution.
In this work, based on the Etemad et al. approach 21 , a general correlation has been presented to calculate the mass transfer fl ux of CO 2 into MEA solutions. The correlation is applicable for a wide range of operating conditions at all absorption equipment. In the presented correlation, the infl uence of chemical reactions, CO 2 loading, CO 2 partial pressure, the fi lm thickness of phases and ratio of CO 2 diffusion coeffi cients of absorption rate were considered. Also, the effect of molecular and ionic species on CO 2 absor into aqueous solutions, all the parameters and variables infl uencing on mass transfer fl ux are provided in the following equation:
The variables are including both liquid and gas phases. The variables with dimensions and units are given in Table 1 .
Using the π-Buckingham dimensionless approach, the dimensionless parameters in the CO 2 reactive absorption processes is presented as eq. 2 21 .
Finally, the relationship between dimensionless parameters obtained as indicated in eq. 3.
(3)
The correlation coeffi cients are depending on the absorption system and operating conditions. In equation 3, [ CO 2 ] i is the equilibrium molecular concentration of carbon dioxide in the interface. Since the fi lm model is assumed, the Sherwood number would be 1 and it will be eliminated from the dimensionless list 21 . By simplifying the term of loading and Sherwood number, mass fl ux correlation is:
The fi nal unknowns in the above equation are a, c, d, e, f and g. The correlation 4 is the main equation of mass transfer fl ux in the absorption processes of carbon dioxide, which is not limited to the type of the solvent or the operation conditions. In correlation 4, both liquid and gas phase operating variables were combined to calculate the mass transfer fl ux.
Mass transfer with chemical reaction
In the absorption of CO 2 into MEA solution, the molecular and ionic species are distributed by the reactions as shown in Figure 1 .
When CO 2 is absorbed in MEA solutions, some chemical reactions happen in the liquid phase. The following equilibriums for the chemical species in the liquid phase were used in the model to predict CO 2 solubility 22 :
(8) ( 9) The condition of chemical equilibrium for a chemical reaction R is defi ned by eq. 10:
Constants for calculation of the various K R as a function of temperature are given in Table 2 .
In addition to the above equilibrium equations, overall MEA and CO 2 concentrations, as well as charge balance, must be satisfi ed:
 represents the ratio of absorbed CO 2 to the MEA concentration. This parameter indicates the concentration effect of components on the abortion rate.
By solving this set of 8 independent equations (eqs. 10 to 13) for a given temperature, MEA overall concentration, and CO 2 loading results in the true composition of the liquid phase, needed for solving the VLE equations. In order to calculate the parameters of the fi lm, the reaction rate of CO 2 in the MEA solution should be defi ned which is stated as eq. 17
24 .
(15)
Constants for calculation of k 6 , k 7 as a function of temperature are given in Table 3 . The parameter M is a fi lm parameter which is used in mass transfer due to chemical reactions. Film parameter represents the mass transfer regime and the largeness of this number is an important criterion in the equipment design. Considering the defi nition of the fi lm parameter (the ratio of the fi lm conversion to the diffusion through the fi lm), as the reaction zone close to the interface of the two fi lms is higher, this parameter would be higher too. On the other hand, the less this parameter is, the reaction zone would transfer to the liquid bulk. The standard form of this parameter is defi ned as following equation 
Vapor-Liquid Equilibrium
There are a wide variety of equilibrium models by which the solubility of acid gases in alkanolamines is predicted. Of the basic and simple models, the Kent and Eisenberg model can be named in which the equilibrium partial pressure of CO 2 and H 2 S in aqueous solutions of MEA and DEA is calculated 24 . In this model, the activity coeffi cients are assumed as 1 and the equilibrium constants of amine protonation reaction and boromite production reaction are used as an adjustable parameter to correlate the model with the experimental data. This model has limited functionality interpolation. Furthermore, it is less complex compared to other models and has simpler calculations. The results showed that in the loading range of 2.0 to 7.0, the model has a good accuracy. In fact, Kent and Eisenberg's model is based on the assumption that the liquid and vapor phases are considered ideal and non-ideal aspects of the system are gathered in equilibrium constants of reaction
24
. According to the mentioned research, the provided relationship suggested by Kent and Eisenberg is a simple but successful model for the loading of 1 (moles of acidic gas to moles of amine) in the range of 2.0 to 7.0 acid gases mole per amine mole and out of this range the model is not accurate enough. This model is not perfect theoretically because the effect of forces between the particles in solution is not considered directly. However, it has been accepted by many other authors due to its simplicity and good ability to predict the experimental data 24, 25 . In this work, only water is treated as a solvent species. CO 2 , Monoethanolamine, and the several ions are treated as solute species. The extended Raoult's law is used to express the VLE for water eq. 19, and the extended Henry's law is applied to obtain the equilibrium for CO 2 eq. 20. It is assumed that water and CO 2 at the interface of two phases in equilibrium and evaporation of amine and transfers it to the gas phase is neglected. (19) (20)
In the calculation of VLE data, the following properties are required:
Henry's constants for the solubility of carbon dioxide in pure water, H CO 
Extended UNIQUAC G E Model for Activity Coeffi cients
The activity coeffi cients of both molecular and ionic species were calculated using the extended-UNIQUAC model for the excess Gibbs energy. The UNIQUAC model was modifi ed using an electrostatic term presented by Sanders et al 30 . The model framework implemented is presented by Thomsen 
The activity coeffi cients of ions are:
The corresponding term for water is:
Where M w is the molar mass of water (kg . mol -1 ), b = 1.5(kg . mol -1 ) 1/2 is a constant and DH is DebyeHückel parameter presented as follow 23 :
The combinatorial contribution to the activity coefficient of component i is: (25) Where x i is the mole fraction, φ i is the volume fraction, and θ i is the surface area fraction of component i. The volume and surface area fractions of component i are calculated as 32 :
The residual contribution to the activity coeffi cients is obtained:
Where ψ ji is defi ned by the equation 28 as follow: (28) The interaction energy parameters of u ji and u ii are independent of composition, but are temperature dependent: (29) The combinatorial activity coeffi cient at infi nite dilution is 31 : 
RESULTS AND DISCUSSION

Species concentrations
In this study, a rigorous model (eq. 3) for the absorption rate of CO 2 into MEA solution was presented. Besides, the effect of some operating parameters including free MEA, the enhancement factor, and the fi lm parameter has been investigated. The effects of chemical reactions were also considered using the fi lm parameter. Figure 2 shows the changes in the free MEA (molecular MEA) in the solution versus the CO 2 loading. As it is evident from Figure 2 , the more the loading factor is, the less the free MEA exists in the solution. Because, by increasing the loading factor, the amount of absorbed CO 2 enhances too, showing that more MEA is reacted with CO 2 . Therefore, less free MEA exist in the solution.
The corresponding term for residual is: (31) Finally, the expression for the solute activity coefficient is:
(32) The expression for the solvent (water) activity coefficient is simply 30 :
(33) The extended UNIQUAC model parameters including volume, r and the surface area, q parameters are given in Table 4 . Also, the UNIQUAC interaction parameters were used from the literature 32 . The experimental data presented in the literature was used to evaluate the present work results 33 . The experimental data range used in calculating the constants of mass transfer fl ux equation is shown in Table 5 .
The following correlation constants were obtained in the MEA solution employing the presented dimensionless parameters:
The equation constants were determined by fi tting the equation into the dimensionless parameters obtained from the experimental kinetics data
30
. The Nelder-Mead numerical approach was used in the calculation of the correlation coeffi cients. This method attempts to minimize a nonlinear function of N real variables using only function values, without any derivative information. It is a heuristic search method that can converge to nonstationary points on problems that can be solved by alternative methods 34 . Figure 3 shows the variation of MEAH + with CO 2 loading at different MEA solutions. It is clear that MEAH + was increased with increasing of MEA solution. According to eq. 15, increasing CO 2 in MEA solution, produced MEACOO -and consequently as eq. 9, the concentration of free MEA was increased. Therefore based on eq. 8, MEAH + will be increased the solution with high CO 2 loading. Figure 4 indicates HCO 3 -concentration at different MEA solution with CO 2 loading. It is clear that HCO 3 -was increased with increasing CO 2 at MEA solutions. Also based on eq. 9, HCO 3 -was reduced by increasing MEA concentration. Figure 7 shows CO 3 -2 concentration at different MEA solutions with CO 2 loading. Due to eq. 6, HCO 3 -was increased by increasing CO 2 loading, therefore, CO 3 -2 was increased. Also, according to eq. 8, at high MEA concentration, H 3 O + was reduced and consequently CO 3 -2 was increased based on eq. 7. Figure 5 indicates the basicity of MEA solution with CO 2 loading. Due to the absorption of acidic gas (CO 2 ) the basicity of the solution decreases so acidity of the solution was increased. Figure 6 shows MEACOO -variation with CO 2 loading and MEA concentration. According to eq. 15, it is clear that, MEACOO -was produced with the reaction between CO 2 and MEA. Therefore MEACOO -was increased with increasing of CO 2 loading and MEA concentration. Figure 8 illustrates the enhancement factor versus the fi lm parameter in different temperature. By raising the temperature, the enhancement factor decreases, showing that the absorption process is done much slower in these ranges. On the other hand, since the enhancement factor is proportional to the mass transfer fl ux and the absorption process is often an exothermic reaction, this fl ux declines too.
Mass transfer parameters
The trend of the fi lm parameter against the CO 2 loading in four different temperatures is shown in Figure 9 . It is clear that, when the temperature is constant, solutions with lower loadings have higher fi lm parameter values. Moreover, in a constant loading, an increase in temperature results in the enhancement of the fi lm parameter. Furthermore, since the power of this parameter is minus in the eq. 34 and the absorption process is exothermic, the mass transfer fl uxes decrease, consequently.
In Figure 10 , the mass transfer fl ux of CO 2 versus the loading in different fi lm parameters are shown. As it is evident, low loadings represent that less carbon dioxide exists in the solvent before its injection to the absorption tower. In other words, the solvent is fresh. Thus, the driving force (the concentration difference) intensifi es which further results in an increase in the mass transfer fl ux. In fact, it is clear that the mass transfer fl ux and the loading are inversely proportional. On the other hand, as the fi lm parameter rises, the mass transfer fl ux drops. However, in large values of the fi lm parameter, the effect of this parameter on the mass transfer fl ux fades gradually. lated which gained 6.4%, indicating that this equation is highly accurate to compare with previous correlations. Besides, the correlation coeffi cient (R 2 ) is illustrated in Figures 12.
Figures 11 indicates the variation of CO 2 mass transfer fl ux with CO 2 loading and fi lm parameter. It is clear that at low CO 2 loading and fi lm parameter CO 2 mass fl ux is high. When CO 2 loading is low, it means that the MEA solution is fresh and it has high capacity for CO 2 absorption. The results show that fi lm parameter is effective than CO 2 loading on CO 2 absorption (eq. 34).
In order to check the validity of the results obtained from the eq. 34, the average absolute error was calcu- 
CONCLUSIONS
Since the kinetics and the absorption rate of absorbents are of crucial importance in the design and modeling of equipment, in this research, the rate of carbon dioxide absorption in the MEA solution was investigated theoretically. A general rigorous correlation based on Etemad et al. approach 21 was suggested using the contributing parameters on the reactive absorption processes. Furthermore, these parameters, including loading factor, the ratio of CO 2 partial pressure to the total pressure, the ratio of CO 2 diffusion into the gas phase to the liquid phase, the ratio of fi lm thickness in the gas phase to the liquid phase and the fi lm parameter were made dimensionless using Pi-Buckingham method. It is worth to mention that in the suggested correlation, all the variables in both gas and liquid phase were applied. Also, all the chemical reactions occurred in the solution were considered in the mass transfer fl ux. In fact, the suggested correlation is a general term and is applicable for different processes at different operating conditions. Besides, the average absolute error of the relation was obtained as 6.4%, indicating the high accuracy of the present correlation. 
